Chemolithoautotrophic Epsilonproteobacteria are ubiquitous in sulfidic, oxygen-poor habitats, including hydrothermal vents, marine oxygen minimum zones, marine sediments and sulfidic caves and have a significant role in cycling carbon, hydrogen, nitrogen and sulfur in these environments. The isolation of diverse strains of Epsilonproteobacteria and the sequencing of their genomes have revealed that this group has the metabolic potential to occupy a wide range of niches, particularly at dynamic deep-sea hydrothermal vents. We expand on this body of work by examining the population genomics of six strains of Lebetimonas, a vent-endemic, thermophilic, hydrogenoxidizing Epsilonproteobacterium, from a single seamount in the Mariana Arc. Using Lebetimonas as a model for anaerobic, moderately thermophilic organisms in the warm, anoxic subseafloor environment, we show that genomic content is highly conserved and that recombination is limited between closely related strains. The Lebetimonas genomes are shaped by mobile genetic elements and gene loss as well as the acquisition of novel functional genes by horizontal gene transfer, which provide the potential for adaptation and microbial speciation in the deep sea. In addition, these Lebetimonas genomes contain two operons of nitrogenase genes with different evolutionary origins. Lebetimonas expressed nifH during growth with nitrogen gas as the sole nitrogen source, thus providing the first evidence of nitrogen fixation in any Epsilonproteobacteria from deep-sea hydrothermal vents. In this study, we provide a comparative overview of the genomic potential within the Nautiliaceae as well as among more distantly related hydrothermal vent Epsilonproteobacteria to broaden our understanding of microbial adaptation and diversity in the deep sea.
Introduction
Epsilonproteobacteria occupy a variety of niches in hydrothermal vent systems, including microbial mats, diffuse fluids, sulfide chimneys and animalassociated niches (Reysenbach et al., 2000; Corre et al., 2001; Huber et al., 2003; Higashi et al., 2004; Nakagawa et al., 2005a; Takai et al., 2005a; Campbell et al., 2006; Moussard et al., 2006; Huber et al., 2007) . Since the isolation of the first Epsilonproteobacteria from hydrothermal vents (Campbell et al., 2001) , representatives of several genera have been cultivated, revealing that most are chemolithoautotrophic and fall into two general groups: moderately thermophilic hydrogen oxidizers and mesophilic hydrogen and sulfur oxidizers . Many are capable of ammonifying nitrate reduction and denitrification (Campbell et al., 2006) . Given the dominance of Epsilonproteobacteria in molecular surveys of deep-sea communities worldwide, this group potentially has a large role in global carbon, hydrogen, sulfur and nitrogen cycling.
The genomes of seven hydrothermal vent Epsilonproteobacteria isolates, spanning six genera (Caminibacter, Nautilia, Nitratifractor, Nitratiruptor, Sulfurimonas and Sulfurovum), have previously been sequenced. These genomes revealed an abundance of hydrogenases (Nakagawa et al., 2007; Campbell et al., 2009) , unique operon structures of sox sulfur oxidation genes (Nakagawa et al., 2007) , the presence of pathogen-associated genes (Nakagawa et al., 2007) , a novel nitrate assimilation pathway (Campbell et al., 2009) and the horizontally acquired reverse gyrase (rgy) gene in moderate thermophiles (Campbell et al., 2009) . Within the vent-endemic Nautiliaceae, the genomes of Nautilia profundicola from the East Pacific Rise and Caminibacter mediatlanticus from the Mid-Atlantic Ridge have been sequenced (Campbell et al., 2009; Giovanelli et al., 2011) . The third described genus of this family is Lebetimonas, of which there is only one named isolate, Lebetimonas acidiphila, from the TOTO Caldera in the Mariana Arc .
Deep sequencing of hydrothermal vent fluid samples has shown that Lebetimonas is among the dominant Epsilonproteobacteria from Mariana Arc seamounts and that geographical isolation may have a role in structuring these populations . Lebetimonas has also been identified as dominant in hydrothermal vent deposits from the Eastern Lau Spreading Center, constituting more than half of all reads in some samples (Flores et al., 2012) . Finally, Lebetimonas was detected as the only phylotype in the 16S rRNA gene clone library of white microbial mat at the Iceberg vent at NW Rota-1 seamount in one sample year and showed a decrease in abundance during a subsequent sample year, when diffuse fluid temperatures decreased and representatives of the mesophilic genera Sulfurovum and Sulfurimonas were detected (Davis and Moyer, 2008) . While it is clear that biogeographical patterns exist in the structuring of hydrothermal vent Epsilonproteobacteria communities, less well constrained are the relative effects of biogeochemical conditions and geographical isolation in these systems. At NW Rota-1 seamount, the predominant magmatic sulfur gas is SO 2 , which readily dissolves in seawater to produce acidic diffuse fluids and elemental sulfur (Butterfield et al., 2011) . The abundance of elemental sulfur rather than hydrogen sulfide is indicative of a highly reduced environment that may favor members of the strictly hydrogen-oxidizing, sulfur-reducing groups like Lebetimonas over sulfide-oxidizing Epsilonproteobacteria like Sulfurovum and Sulfurimonas, thus our enrichment strategy for this study targeted Nautiliaceae to gain insight into these vent-endemic organisms.
The use of model organisms for genomic and physiological studies from both terrestrial hot springs (Whitaker et al., 2003; Reno et al., 2009) and the surface ocean (Rocap et al., 2003) have dramatically increased our understanding of what drives microbial evolution and adaptation in natural environments. Population genomic studies of thermophilic archaea in terrestrial hot springs demonstrated a lack of gene flow between geographically isolated populations (Reno et al., 2009 ) and evidence for species divergence in two co-existing groups of strains within a single hot spring (CadilloQuiroz et al., 2012) . Geographical isolation was also seen in the comparative genomics study of four bacterial isolates of Hydrogenobaculum sp. from a single hot spring that had highly conserved genomes that were distinct from a strain isolated at another site within Yellowstone National Park (Romano et al., 2013) . To date, no similar comparative genomic studies have been carried out in the deep sea, where the isolated and often ephemeral nature of hydrothermal vents provides the opportunity to observe biogeographical patterns and evolutionary processes in marine microbial populations.
We isolated six strains of Lebetimonas from two sample years at the dynamic NW Rota-1 seamount where the first human observation of a submarine volcanic eruption occurred in 2004 (Embley et al., 2006) . The seamount has been erupting ever since and between the 2009 and 2010 research expeditions, a landslide dramatically changed the topography of the seamount (Chadwick et al., 2012) . Here, we use Lebetimonas as a model organism to examine the genomic diversity within one species of Epsilonproteobacteria from a single dynamic seamount, using low temperature diffuse vent fluids as a 'window' into the subseafloor habitat (Deming and Baross, 1993) . Our analysis provides insight into the genomic potential within the Nautiliaceae and other vent Epsilonproteobacteria, thus expanding our understanding of microbial adaptation and diversity in the deep sea.
Materials and methods

Strain enrichment and isolation
Diffuse hydrothermal vent fluids were collected at several vent sites on NW Rota-1 seamount in 2009 and 2010 using the ROV Jason 2 and the hydrothermal fluid and particle sampler (Butterfield et al., 2004; Supplementary Figure S1 ). Anaerobic enrichment media previously used for the isolation of Caminibacter profundus (Miroshnichenko et al., 2004) was inoculated with 1 ml of unfiltered diffuse flow fluids and incubated at 55 1C. Enrichments with positive microbial growth were isolated by three sets of dilution-to-extinction. The growth of Lebetimonas under varying conditions including alternative electron donor/acceptor pairs and with N 2 gas as the sole nitrogen source was evaluated as described in the Supplementary Material. Growth of Lebetimonas strain JH369 with N 2 gas as the sole nitrogen source was evaluated using anaerobic seawater media without yeast extract or ammonia and containing formate and elemental sulfur with an 80% N 2 and 20% CO 2 headspace. Strain JH369 was first weaned off the enrichment culture by three successive passes to media without yeast extract, then transferred by two passes to the formate/N 2 media. RNA was extracted from the mid-log phase culture of the second pass of strain JH369 grown with N 2 as the sole nitrogen source using a Norgen total RNA purification kit (Norgen, Thorold, ON, Canada), treated with Turbo DNase (Ambion Turbo DNA-free kit, Life Technologies, Carlsbad, CA, USA), and converted into cDNA with an Applied Biosystems (ABI) High Capacity RNA to cDNA kit (Life Technologies). The nitrogenase gene nifH was amplified from strain JH369 genomic DNA grown in the original enrichment media and from the cDNA of strain JH369 grown with N 2 as the sole nitrogen source using previously described primers and thermal cycling conditions (Alain et al., 2004) . The nifH PCR product from JH369 cDNA was cleaned with a MinElute PCR Purification kit (Qiagen, Hilden, Germany) and cloned with a PCR4 TOPO TA cloning kit (Life Technologies). Clones were screened for inserts by PCR amplification with M13F/R primers (Life Technologies). Positive PCR products from 14 clones were cleaned with a MinElute kit (Qiagen) and sequenced with an ABI3730XL (Applied Biosystems, Life Technologies).
Genomic library preparation and sequencing Genomic DNA was extracted from pure cultures at log phase using a CTAB extraction (Dempster et al., 1999) . Libraries were prepared using Nextera DNA sample prep kits (Illumina, San Diego, CA, USA) and sequenced by Roche 454 GS FLX Titanium (454 Life Sciences, Branford, CT, USA) and/or using Illumina HiSeq 2000 paired reads (Illumina). In the case of strains sequenced with multiple platforms, the same genomic DNA extraction was used for all library preparations, with the exception of strain JS085. Genomes were assembled using several tools as described in the Supplementary material.
Genome annotation and analysis
Six draft genomes were submitted to the Joint Genome Institute's Integrated Microbial Genomes (IMG) system for annotation and comparative analyses (Markowitz et al., 2012) , including the Dot Plot synteny viewer generated from nucleotide alignments using the nucmer component of MUMmer (Delcher et al., 2002) . Annotated genomes were also aligned with progressiveMauve for visualization and comparative analyses, including counting of single-nucleotide polymorphisms (Darling et al., 2010) . A comparative genome map was created with the CGView comparative tool (Grant et al., 2012) . Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR) regions were identified in IMG and with CRISPRFinder (Grissa et al., 2007) . Potential prophages were identified with Prophage Finder (Bose and Barber, 2006) and genomic islands (GIs) were identified with IslandViewer (Langille and Brinkman, 2009) . A core genome alignment was created with progressiveMauve and highly variable regions were removed so that all core alignment blocks were longer than 500 nt. Rates of mutation and recombination were determined with the LDHat package (McVean et al., 2002) through the Recombination Detection Program v4.19 (RDP4; Martin et al., 2010) . Rates of mutation and recombination were also determined for a subset of seven housekeeping genes: atpA, efp, aspA, glnA, pgm, glyA and trpC.
Results
Isolation and growth of Lebetimonas
Six Lebetimonas strains were enriched and isolated from four different diffuse flow vent sites at NW Rota-1 seamount in 2009 and 2010, with in situ temperatures ranging from 30 1C to 45 1C (Figure 1 ; Table 1 ). One site (Marker 110) was sampled in both 2009 and 2010 and one site (Arrowhead) was sampled twice in 2010. All six strains grew in anaerobic saltwater media with hydrogen gas or formate as the sole electron donor and elemental sulfur as the sole electron acceptor (additional culturing details are available in the Supplementary text).
General genome properties
The nearly complete draft genomes (GenBank accession numbers: ATHP00000000, ATHQ00000000, ATHR00000000, ATHS00000000, ATHT00000000 and ATHU00000000) of all six Lebetimonas strains were composed of five contigs, the largest of which was at least 1.45 Mbp and the smallest of which was at least 18 Kbp. The draft genome sizes ranged from 1.64 to 1.74 Mbp, with up to 1989 annotated genes per genome (Table 2) . GC content in the six genomes was 31-32%. The similarity of 16S ribosomal RNA genes was 98.8-100% between the six Lebetimonas strains isolated in this study and 99-99.4% between these strains and the type strain Lebetimonas acidiphila (GenBank accession AB167820) . All six strains had two complete ribosomal operons, with very similar (499.7%) but not identical 16S rRNA genes within strains (Figure 3b ), as well as a partial 23S rRNA gene located near the end of one of the smaller contigs. This minor intragenomic heterogeneity between ribosomal operons was consistent in Lebetimonas, as the first full ribosomal operon (located at around 200 kb in the aligned draft genomes, Figure 2 ), including the 16S-23S internal transcribed spacer region, was completely identical in four strains (JH369, JS085, JS138 and JS170) as was the second operon (located at around 700 kb), but the operons within one strain were only 99.3% similar. The two ribosomal operons within strains JH292 and JS032 were 98.6 and 99.0% similar, respectively, with most differences occurring in the internal transcribed spacer region. Examination of seven other genomes of Epsilonproteobacteria from hydrothermal vents, including Caminibacter Inner rings are colored by BLAST similarity to the reference strain for strains JS170, JH369, JS138, JS032 and JH292, in order from outside to inside. Ring 7 (black plot) displays the G þ C content for the reference strain and ring 8 displays the GC skew from the average genomic G þ C content where a positive skew is green and a negative skew is purple. The locations of four genomic islands (GI I-IV), two ribosomal operons (rRNA) and one CRISPR region are indicated.
mediatlanticus (Giovannelli et al., 2011) , Nautilia profundicola (Campbell et al., 2009) , Nitratifractor salsuginis (Anderson et al., 2011) , Nitratiruptor strain SB155-2 (Nakagawa et al., 2007) , Nitratiruptor tergarcus (Gi13756), Sulfurimonas autotrophica (Sikorski et al., 2010) and Sulfurovum strain NBC37-1 (Nakagawa et al., 2007) , revealed that Sulfurimonas autotrophica also had heterogenous ribosomal operons. The S. autotrophica genome contained four ribosomal operons that are only 92.9% similar due to large differences in the internal transcribed spacer region, whereas the 16S sequences were 99.7% similar. Overall, the six strains of Lebetimonas had very similar genomes with highly conserved synteny ( Figure 2 ; Supplementary Figure S2 ). There were no full-length genes unique to any individual strain, rather all potentially functional genes were found in at least two genomes. Open reading frames that were unique to one strain consisted only of hypothetical proteins shorter than 300 bp, which were actually fragments of longer genes present in other Lebetimonas strains. The proportion of genes shared by any two genomes with greater than 60% similarity ranged from 89 to 100% (Supplementary  Table S1 ). Within the Nautiliaceae, 455% of genes were shared by Lebetimonas and Nautilia or Caminibacter. The average nucleotide identity of shared genes between Lebetimonas strains ranged from 95.7 to 99.9% (Supplementary Table S2 ). In contrast, the average nucleotide identity of shared genes between Lebetimonas and Nautilia or Caminibacter was 77%. A total of 76 855 singlenucleotide polymorphisms were found in the core genome alignment, of which 4034 were due to insertions or deletions (indels). The major differences between these genomes are what is missing or degraded in one or more strains, especially strains JH292 and JS138 (Supplementary Table S2 ). In addition, strain JH292 had the most sequence differences, as reflected in the clustering of core genomes (Figure 3a) . The relationship of aligned core genomes did not match the phylogeny based on 16S rRNA genes (Figure 3b ).
Homologous recombination
Homologous recombination between these six Lebetimonas strains based on their core genome alignment was three orders of magnitude lower than the mutation rate. The average rate of recombination per site (rho) was 2.272 Â 10 . The average recombination and mutation rates were similar when comparing just the four strains collected during the 2010 research cruise. The rate of recombination based on seven housekeeping genes was higher (average rho per site of 1.281 Â 10 À 2 ) while the mutation rate per site was similar (1.342 Â 10 À 2 ), resulting in a less drastic rho/theta of 0.95.
Non-homologous gene flow
Regions of dissimilarity in the Lebetimonas genomes were often a result of or response to viral infection. One clearly defined CRISPR region was found in all six strains, containing 27-30 spacers. The 30-bp repeats in the CRISPR region were identical in five strains, while strain JH292 had a repeat sequence with two nucleotide differences. The sequence identity of the spacer regions was variable among most strains; however, strains JS085 and JS170 had identical CRISPR regions. All six strains also had a suite of CRISPR-associated (cas) genes, although strain JH292 was missing up to four of the cas genes found in other strains and cas3 was degraded in strains JH369 and JS085. CRISPR regions are common in gut-associated genera such as Campylobacter and Helicobacter, but are more sporadically distributed in the free-living Epsilonproteobacteria. CRISPRs were detected in the genomes of several hydrothermal vent isolates, including Caminibacter mediatlanticus, Nitratifractor salsuginis and Nitratiruptor tergarcus. However, no CRISPRs were found in the genomes of Nautilia profundicola, Nitratiruptor strain SB155-2, Sulfurimonas autotrophica and Sulfurovum strain NBC37-1, all of which are closed genomes. All six Lebetimonas genomes also contained multiple sets of type I restriction modification system genes for protection against bacteriophages. One set was most closely related to homologs in Nitratiruptor sp. SB155-2, whereas the two other sets were distantly related to homologs in Bacteroidetes and Spirochaetes. No homologs of the Lebetimonas type I restriction modification system genes were detected in Nautilia and Caminibacter.
A total of four genomic islands (GIs) were identified by annotation of phage-related genes and/or distinct codon usage (Table 3; Figure 2 ). GIs made up 1-5% of the draft genomes. Three of the four GIs contained integrated phage genes that were present in all six Lebetimonas genomes. However, these prophages were in the process of being degraded in some strains. One large prophage (GI I) was identified in strain JS085 that spanned almost 30 Kbp and included genes for phage integrases, phage/plasmid primase, phage terminase and DNA competence among 33 coding sequences. A putative DNA helicase within this prophage is conserved in Nautiliaceae, with sequence similarities of 76 and 74% in Nautilia and Caminibacter, respectively. This large prophage was also found in strains JS032, JS170 and JH369 but was severely degraded in strains JH292 and JS138 (Figure 2, GI I) .
A second smaller prophage (GI II) was identified that spanned roughly 15 Kbp and 11 coding sequences, including phage integrase and restriction endonucleases. This smaller prophage was shared by three strains and almost completely degraded in strains JH292, JS138 and JS032 (Figure 2 , GI II). The third prophage (GI IV) appeared to be a transposable prophage as it was flanked by mutator family transposases (COG3328). The 10 structural genes within this transposable element included phage integrase and transcriptional regulators. All six strains had two flanking transposases, however, all structural genes within the transposable element were degraded in strains JH292 and JS032 (Figure 2 , GI IV). In strain JH292, this GI was followed by a region of 43 degraded or missing genes including an operon of nitrogenase genes. The region following GI IV was conserved in all other strains.
All six Lebetimonas genomes contained an average of 14 mutator-type transposases (COG3328) in addition to transposases belonging to COG1943 and COG0675. Transposases made up B1% of gene content of each Lebetimonas strain. Transposases were present near GI I and GI IV and at one or both ends of three of the five scaffolds making up each draft genome. In contrast, the genomes of Caminibacter and Nautilia each contain just one short 53 amino acids-long putative transposase (CTMB2_01059 and NAMH_0938). An examination of all 198 currently available Epsilonproteobacteria genomes revealed that, with the exception of two Helicobacter species, Lebetimonas had the highest number of transposases, with an average of 17 transposases per genome (s.d. 0.98). The average number of transposases in all other genomes from hydrothermal vent Epsilonproteobacteria was 5 (±5.9). Notably, Nautilia and Caminibacter had no annotated transposases.
The final GI (GI III) and adjacent variable region were identified by codon usage and included a large region of glycotransferases involved in cell wall biosynthesis and genes for protein N-glycosylation, a post-translational protein modification system common in pathogenic Epsilonproteobacteria (Nothaft and Szymanski, 2010) . Strain JH292 had 37 degraded or missing genes in this region and strain JS138 had 27 degraded or missing genes (Figure 2 , GI III). Within GI III, full-length orthologs of the pglB/stt3 oligosaccharyltransferase needed for protein N-glycosylation were present in all Lebetimonas strains except for JH292, in which this gene is interrupted by two stop codons. Oligosaccharyltransferase (pglB/stt3) was previously identified in Nitratiruptor and Sulfurovum genomes (Nakagawa et al., 2007) and the availability of additional non-pathogenic Epsilonproteobacteria genomes has revealed orthologs of pglB/stt3 in Caminibacter, Nautilia, Nitratifractor and Sulfurimonas. Lebetimonas strain JH292 was the only Epsilonproteobacterial genome from hydrothermal vents to lack a full-length copy of this gene.
Hydrogen metabolism
Like other genomes from hydrothermal vent Epsilonproteobacteria, the Lebetimonas genomes contain multiple hydrogenases (Table 4 ). The Lebetimonas genomes had Group 1 [Ni-Fe]-hydrogenases (hyd) for hydrogen uptake and Group 2 [Ni-Fe]-hydrogenases for sensing and regulating hydrogen uptake. Group 1 and 2 [Ni-Fe]-hydrogenases are found in an operon that is generally conserved in all 13 hydrothermal vent Epsilonproteobacteria. Multiple forms of energy-conserving Group 4 [Ni-Fe]-hydrogenases were identified in Lebetimonas, each of which was part of an operon including formate dehydrogenase (fdh). In Nautilia and Caminibacter, only the Group 4 hyc hydrogenase was associated with formate dehydrogenase. Where multiple hydrogenases of the same type are present, each has a unique sequence (Figure 4 ). For example, the Group 4 hyc hydrogenases in Nautilia and Caminibacter were unique and Lebetimonas had one Nautilia-like hyc and one Caminibacter-like hyc. In general, all of the genomes within the strictly hydrogen-oxidizing Nautiliaceae have a higher number and greater diversity of hydrogenases when compared with other hydrothermal vent Epsilonproteobacteria (Table 4 ). The Lebetimonas genomes are the only vent Epsilons to also contain an [Fe-Fe]-hydrogenase most closely related to Thermodesulfobium, which is part of an operon containing Firmicutes-like nitrogenase genes, described below.
Sulfur metabolism
Sulfur in hydrothermal vent Epsilonproteobacteria may be assimilated from sulfide or potentially from sulfate (Table 4) . Partial sulfate assimilation pathways were present in all 13 vent Epsilonproteobacteria genomes. All 13 genomes had sulfate permease and sulfate adenylyltransferase/ATP sulfurylase (cysDN and/or met3) to convert sulfate into adenosine 5 0 -phosphatase (APS), but none contain adenylylsulfate reductase to convert APS into sulfite. Only Lebetimonas strains JH369, JS085 and JS170 and Sulfurimonas autotrophica had homologs of adenylylsulfate kinase (cysC/apsK) and 3 0 -phosphoadenosine-5 0 -phosphosulfate (PAPS) reductase to complete conversion of APS into PAPS and PAPS into sulfite. In Lebetimonas, adenylylsulfate kinase was located in GI III where strains JH292 and JS138 were severely degraded and the gene was either (Table 4) . This gene may only be used for nitrite reduction, given its location near either a periplasmic or a cytoplasmic nitrate reductase in most of the Epsilonproteobacteria genomes. While the sulfate assimilation pathway appears to be incomplete in hydrothermal vent Epsilonproteobacteria, all 13 genomes, including the six Lebetimonas strains, contained homologs of serine O-acetyltransferase (cysE) and cysteine synthase (cysK) for the biosynthesis of cysteine from sulfide. All 13 vent Epsilonproteobacteria genomes contained homologs of polysulfide reductase (psr) for the reduction of polysulfides for energy conservation. Sulfur oxidation genes in the sox sulfur oxidation system are present only outside the Nautiliaceae. All of the vent Epsilonproteobacteria genomes, except for Nautilia profundicola, contained at least one copy of sulfide:quinone oxidoreductase (sqr) for the oxidation of hydrogen sulfide to elemental sulfur. Sulfite:cytochrome c oxidoreductase (sorAB) was present only in the Sulfurovum and Sulfurimonas genomes. None of the 13 vent Epsilonproteobacteria genomes contain homologs of genes for dissimilatory sulfate and sulfite reduction.
Nitrogen metabolism
Based on the genome content, these Lebetimonas strains are capable of nitrate reduction with either a periplasmic (napA) or a respiratory nitrate reductase (narB) ( Table 4 ). The periplasmic nitrate reductase in strains JH292 and JS138 was split into two coding sequences. All six Lebetimonas strains had a complete ferredoxin-nitrite reductase (nirA), which was found in six other hydrothermal vent Epsilonproteobacteria genomes (Table 4 ). The exception is Nautilia profundicola, which is proposed to have a novel nitrite reductase pathway, using a reverse hydroxylamine oxidoreductase, a cytochrome C protein in the NapC/NrfH/cM552 superfamily and hydroxylamine reductase (Campbell et al., 2009) . Caminibacter mediatlanticus had homologs for both nitrite reduction pathways, while Lebetimonas lacked the cytochrome C protein in the novel pathway and reverse hydroxylamine oxidoredutase was split into two coding sequences in strains JH369 and JS138 (Table 4 ). The hydrothermal vent Epsilonproteobacteria genomes outside the Nautiliaceae, including Nitratifractor, Nitratiruptor, Sulfurimonas and Sulfurovum, each had a ferredoxin-nitrite reductase (nirA) as well as a cytochrome cd 1 nitrite reductase (nirS), nitric oxide reductase (norC) and nitrous oxide reductase (nosZ) for denitrification to N 2 .
Among hydrothermal vent Epsilonproteobacteria, only Lebetimonas contains genes for nitrogen fixation. All six strains of Lebetimonas had two nitrogenase operons, including the alpha and beta chains of nitrogenase molybdenum-iron protein (COG2710) and the nitrogenase subunit nifH (COG1348). One set of nitrogenase genes, including nifHDKENB, as well as nifA and sigma factor s 54 that are used for the regulation of nitrogenase in Proteobacteria (Dixon and Kahn, 2004) , was most closely related to nitrogenase genes in terrestrial isolates of Epsilonproteobacteria, such as Sulfuricurvum and Arcobacter ( Figure 5 ). Five Lebetimonas strains had nearly identical genetic sequences for the Epsilonproteobacteria-like nifH. However, the Epsilonproteobacteria-like nifH in JH292 was degraded into three coding sequences and was part of the region of gene degradation downstream of GI IV.
The second set of nitrogenase genes (nifHDK) was most closely related to nitrogenase genes in Firmicutes. The closest BLAST hit was 65% sequence similarity to the nitrogenase in Thermodesulfobium narugense, an isolate from terrestrial hot springs in Japan (Mori et al., 2003) . All six strains shared identical Firmicutes-like nifH genes (Figure 5 ), which are part of a region of nine Firmicutes-like genes.
Lebetimonas strain JH369 grew weakly in media without ammonia and with N 2 gas as a sole nitrogen source compared with the enrichment media (additional culturing details are available in the Supplementary text). While cultures grown in the enrichment media containing yeast extract became turbid in 24 h, cultures grown with N 2 gas as a sole nitrogen source did not become turbid when incubated for 2 weeks, but cell growth was verified by phase contrast microscopy. The nitrogenase gene nifH was successfully amplified from strain JH369 in both genomic DNA and RNA extracted from cultures grown without organic nitrogen, indicating that Lebetimonas may be fixing nitrogen during growth with only N 2 gas rather than just scavenging nitrogen from dead cells in the media. Sequencing of nifH from the RNA fraction of JH369 grown under N 2 gas revealed that only the Firmicutes-like gene was expressed.
Reverse gyrase
Like other members of the Nautiliaceae, Lebetimonas had homologs of the gene for reverse gyrase (rgy); however, in all six strains, reverse gyrase was degraded. Reverse gyrase is typically made up of two domains: a helicase domain and a type IA topoisomerase domain (Rodríguez and Stock, 2002) . In Lebetimonas, reverse gyrase was interrupted by one to four stop codons and lacked the helicase domain ( Figure 6 ). No homologs of the reverse gyrase-associated helicase domain were found elsewhere in the genome. Genes neighboring rgy in Lebetimonas were not degraded and bear the highest sequence similarity to genes in Caminibacter and Nautilia. In contrast, full-length reverse gyrase genes, totaling over 3000 bp in length, were found in Caminibacter, Nautilia, Nitratiruptor sp. SB155-2 and Nitratiruptor tergarcus (Figure 6 ).
Discussion
Overall, the six Lebetimonas genomes show highly conserved synteny, which was also seen in comparative genome analyses of co-occurring strains of Aquificales in Yellowstone (Romano et al., 2013) , co-occurring strains of Salinibacter ruber in a Spanish saltern (Peñ a et al., 2010) , and in widespread strains of surface ocean-dwelling SAR11 (Grote et al., 2012) . Despite the conservation of both gene content and order, the genomes analysed here contained abundant single-nucleotide differences and showed little evidence of recombination between strains, suggesting that these populations are not co-occurring within niches in the subseafloor. While we lack the ability to clearly visualize the mixing and transportation of hydrothermal fluids beneath the seafloor, it is likely that the continuous eruption of the NW Rota-1 seamount creates an unstable and rapidly changing subseafloor environment. In addition, the reservoir of subseafloor habitat that is accessible by diffuse flow at the seafloor is very large, limiting our ability to capture co-occurring strains, even from fluids collected from the same vent. In this study, Lebetimonas strains JS032 and JS138, which were isolated from Arrowhead vent fluids collected 6 days apart, had less similar genomes than strains JH369 and JS085, which were isolated from different vents a year apart.
Alternatively, the lack of recombination between these strains may be the result of undetermined barriers to recombination that exist between strains, even if they are sympatric, as seen in Sulfolobus strains from terrestrial hot springs (Cadillo-Quiroz et al., 2012) . However, in the large and intricately Figure 6 Comparison of open reading frames annotated as reverse gyrase (rgy) in hydrothermal vent Epsilonproteobacteria. All six Lebetimonas strains have only the topoisomerase domain of rgy, while Caminibacter, Nautilia and Nitratiruptor strains have both the topoisomerase and helicase domains. structured subseafloor habitat, it is likely that these Lebetimonas strains are allopatric. Finally, comparative studies of recombination in bacteria and archaea have demonstrated that the relative rate of recombination versus mutation is quite variable, from low to intermediate rates in extremophiles to very high rates in marine and aquatic species (Vos and Didelot, 2009) . Relative rates of homologous recombination are not necessarily conserved phylogenetically (Vos and Didelot, 2009) , and this may be the case for Epsilonproteobacteria, which exhibit a wide range of lifestyles from pathogenic and gutassociated groups to free-living and biofilm-forming groups (Campbell et al., 2006) . The rate of recombination in hydrothermal vent Epsilonproteobacteria such as Lebetimonas may be naturally low given their status as extremophiles, in contrast to the high rates of recombination seen in opportunistically pathogenic Campylobacter (Yu et al., 2012) and Helicobacter (Falush et al., 2001) strains.
In Lebetimonas, the largest differences between genomes were related to gene loss associated with mobile genetic elements. While mobile genetic elements are a source of innovation in microbial genomes (Boucher et al., 2003) , acquired genes that do not confer an advantage are quickly degraded (Mira et al., 2001) , sometimes en masse (Nilsson et al., 2005) . Several large regions of gene loss were apparent in Lebetimonas and these were either within or adjacent to GIs, including both prophages and transposons. Comparative genomics of co-occurring strains have previously shown that genomic differences are often associated with such mobile genetic elements (Cuadros-Orellana et al., 2007; Reno et al., 2009; Peñ a et al., 2010) . In Lebetimonas, we identified a GI (GI III) that is both a region which may have been acquired through horizontal gene transfer and a source of variation between strains as two of the strains are in the process of concurrently losing dozens of genes. This region contained glycotransferases and other proteins related to cell surface changes, which may impact susceptibility to bacteriophages. Horizontally transferred genes tend to be biased toward specific functional groups, including those involved in cell surface manipulation and this bias has been noted in the population genomics of Haloquadratum walsbyi (Cuadros-Orellana et al., 2007) , Salinibacter ruber (Peñ a et al., 2010) and Pelagibacter ubique (Grote et al., 2012) .
Other genes being degraded in Lebetimonas included reverse gyrase (rgy), a DNA chaperonin believed to confer resistance to the denaturation of DNA at high temperatures (Kampmann and Stock, 2004) . Reverse gyrase was once thought to be the hallmark protein for hyperthermophilic organisms (Forterre, 2002) and has been transferred from archaea to bacteria multiple times (BrochierArmanet and Forterre, 2007) . The gene has since been identified as common among moderately thermophilic Epsilonproteobacteria at deep-sea hydrothermal vents and is expressed by Nautilia profundicola during heat stress (Campbell et al., 2009) . While the genomes of other moderately thermophilic hydrogen-oxidizing groups such as Caminibacter, Nautilia and Nitratiruptor have fulllength reverse gyrase genes, this gene does not appear to confer an advantage to Lebetimonas where reverse gyrase is highly fragmented and lacks the helicase domain. In the parasitic archaeon Nanoarchaeum equitans, the two domains of reverse gyrase are split within the genome, yet they still function together (Capp et al., 2010) . A similar scenario may be possible for Lebetimonas; however, no helicase domains homologous to the reverse gyrase-associated helicase in other Nautiliaceae were detected. This may have important implications for the distribution of functional reverse gyrase genes in moderately thermophilic Epsilonproteobacteria as the primers designed by Campbell et al. (2009) amplify only the topoisomerase domain of reverse gyrase. Future laboratory experiments with Lebetimonas isolates will help elucidate alternative strategies that hydrothermal vent Epsilonproteobacteria may have to survive heat stress.
In contrast to the degradation of rgy and other genes, the acquisition of nitrogenase genes is clearly advantageous to Lebetimonas. Fixed nitrogen can be limiting in warm (430 1C) hydrothermal fluids (Lilley et al., 1983) , especially ammonia, which is not detectable in vent fluids from the Juan de Fuca Ridge, the East Pacific Rise, and the Mid-Atlantic Ridge (Kelley et al., 2002) . However, dissolved N 2 gas is abundant in hydrothermal vent fluids (Charlou et al., 2000) , providing a source of inorganic nitrogen for organisms that can perform nitrogen fixation. Nitrogenase (nifH) genes have been identified in hydrothermal vent samples from the Juan de Fuca Ridge (Mehta et al., 2003 (Mehta et al., , 2005 and from Lost City (Brazelton et al., 2011) , but neither of these studies identified nifH from Epsilonproteobacteria, despite the ability of the primers used to amplify nitrogenase from widespread groups of both archaea and bacteria. To date, nitrogen fixation in isolates from hydrothermal vents has only been demonstrated in hyperthermophilic methanogens (Mehta and Baross, 2006) . Lebetimonas strain JH369 expressed the Firmicutes-like nifH in cultures grown with N 2 gas as the sole nitrogen source, indicating that is also capable of nitrogen fixation. The current study provides the first indication of nitrogen fixation in any Epsilonproteobacteria from deep-sea hydrothermal vents and may represent an important adaptation for Lebetimonas. Future laboratory experiments will examine whether these nitrogenase genes are expressed by all six Lebetimonas strains during conditions of limited organic nitrogen and if both versions of the nifH gene are functional. These future studies will also include assays of nitrogenase activity to provide conclusive evidence that Lebetimonas can fix inorganic nitrogen.
The population genomics of Lebetimonas reveals that mobile genetic elements shape the genomes of closely related Epsilonproteobacteria in hydrothermal vents through both gene loss and gain. While only a few potentially functional differences were detected between strains, a stable microdiversity may be promoted by the presence of bacteriophages. In the surface ocean, it is thought that heavy phage predation leads to stable populations containing many co-occurring bacterial strains whose genomes differ mainly in their sensitivity to phages (Rodriguez-Valera et al., 2009 ) and a similar scenario may also play out in the deep sea. A biogeographical study of thermophilic Persephonella from hydrothermal vents in the Okinawa Trough and the South Mariana Trough showed a significant isolation between strains from different troughs (Mino et al., 2013) . Using multi-locus sequence analysis, 35 unique sequence types were detected in 36 strains with 498.7% similar 16S rRNA gene sequences, supporting the idea of stable microdiversity in hydrothermal vent microbial populations. Four of the six Lebetimonas strains examined in this study contained identical 16S rRNA genes, yet no two genomes were identical. No geographical or temporal patterns were identified in the distribution of Lebetimonas genomes at NW Rota-1 seamount. However, these six genomes offer a framework for future metagenomic analyses to assess the distribution of Lebetimonas across space and time.
Comparison of the functional repertoire in hydrothermal vent Epsilonproteobacteria genomes shows a gradient of potential phenotypes with Nautiliaceae at one end and Nitratifractor, Sulfurovum and Sulfurimonas at the other, reflecting their tolerance to oxygen and heat. The Nautiliaceae are the only Epsilonproteobacteria with sequenced genomes that lack cytochrome c oxidase for aerobic respiration and they are the only group to contain three different types of energy-conserving Group 4 hydrogenases. In contrast, all vent Epsilonproteobacteria genomes outside Nautiliaceae have genes not only for aerobic respiration, but also for denitrification and for sulfur oxidation through the sox pathway. The major metabolic gene content of Nitratiruptor is most similar to mesophilic vent Epsilonproteobacteria, although both Nitratiruptor tergarcus and Nitratiruptor strain SB155-2 have an optimal growth temperature of 55 1C (Nakagawa et al., , 2007 , similar to the Nautiliaceae, and Nitratiruptor also has the gene for reverse gyrase. Collectively, the genomes of deep-sea Epsilonproteobacteria highlight the capacity of this group to colonize a wide range of niches at hydrothermal vents. The addition of six Lebetimonas genomes to this body of knowledge demonstrates that while core metabolic genes are conserved, a stable microdiversity created by mobile genetic elements exists between strains. Functional genes acquired through horizontal gene transfer, such as nitrogenase in Lebetimonas, may lead to adaptation and speciation at dynamic deep-sea hydrothermal vents.
